Abstract: A significant proportion of damage to buildings in hurricanes occurs owing to weak roof-to-wall connections. The objective of this study was to develop an innovative, efficient, and nonintrusive roof-to-wall connection for wood-frame structures by using high-performance fiber reinforced polymer (FRP) composites. Several connection configurations were developed and tested at the component level under uplift loading. The most feasible configuration was selected and further tested at the component level under lateral loadings. The selected FRP tie system was then tested at a full-scale model designed to represent conventional wood-frame buildings. The objective was to assess the connection's in situ performance under simulated uplift forces. The results of the full-scale tests were in close agreement with those obtained from the component-level tests. Control tests were also performed to evaluate the load capacity of a typical commercial metallic hurricane clip to facilitate comparison of its results with that of the newly developed FRP tie. The FRP tie system described in this study offers an easy-toapply, nonintrusive, and viable alternative to existing metal hurricane clips for both new construction and existing structures.
Introduction
With 90% of residential buildings in the United States made of light-frame wood, one or two story family dwellings have been the site of most commonly observed hurricane damage in the last two decades (Ellingwood et al. 2004) . Typical roof-to-wall connections of building structures are subjected to combined uplift and lateral loads during high wind events. The uplift is because of suction on the roofs and the lateral load components are attributable to in-plane and out-of-plane shear forces on the exterior walls. Significant hurricane-induced damage has been observed in buildings because of the failure of roof-to-wall connections and subsequent water infiltration. Manning and Nichols (1991) stressed the importance of the integrity of roof system and the role of its connections in preventing full collapse of structural wood frames. The roofto-wall connection is a critical area that needs careful design and detailing for new construction and for retrofitting of existing building stock (van de Lindt et al. 2007 ).
Conventional intrusive connections (e.g., toe-nails, metal plates, and clips connected with nails) have several disadvantages. They weaken the connecting wood members with intense penetration of closely spaced nails or screws, make a path for water infiltration through holes created by penetrations, and deteriorate rapidly in harsh environments such as in coastal areas. Relatively few experimental studies have been conducted on traditional wood-frame connections. Studies by Rosowsky et al. (1998) and Reed et al. (1996 Reed et al. ( , 1997 recognized that the behavior of these connections is not well understood and requires further testing. Testing of roof-to-wall connections in wood frames (Riley and Sadek 2003) were carried out by the NIST. Two types of metal connections were tested: toe-nailed and hurricane clips. The toe-nailed connections failed by pulling out of the nails from the top plate of the wall, which resulted in separation of wood fibers in the bottom chord of the roof truss. The hurricane clips failed by separation of the upper member of the top plate and of a portion of the lower member from the rest of the wall. The National Association of Home Builders (NAHB) Research Center also performed research on roof-towall connections in residential construction (NAHB 2002 ) with a view to benchmarking the response of conventional and engineered roof connections. The research indicated several inconsistencies in the methodologies used for the engineering analysis of traditional and hardware-type connections that may lead to the development of inaccurate prescriptive connection provisions and inadequate design solutions.
For example, literature from product manufacturers indicates that the allowable load capacity of a connection joint with two or four fasteners is two or four times, respectively, of the allowable load capacity of a connection joint with a single fastener. Recent experiments on hurricane clips (Ahmed et al. 2011) however, have shown that the failure modes of connection joints are, in fact, highly dependent on the number of fasteners per joint, and that the load capacity of the joint is not proportional to the number of fasteners.
Past studies have shown that several failure modes (e.g., nail bending, nail withdrawal, clip buckling, splitting and tear-out of wood, separation of metal truss plate, and truss rotation) may compromise overall building safety during extreme wind events. Reed et al. (1997) tested several roof-to-wall connections, including toe-nails, small and large hurricane straps, and glued connections by using an epoxy adhesive. They reported that the performance of glued connections was superior to that of metal connectors and nails.
Few studies have focused on strengthening of wood members with fiber reinforced polymers (FRP) and the FRP-wood bonding mechanism. Davalos et al. (2000a, b) conducted a two-part study on the FRP-wood bond interfaces, focusing on shear strength, durability, and fracture. The effects of two coupling agents, hydroxyl methanol resorcinol (HMR) and resorcinol-formaldehyde (RF) on epoxy/FRP-wood bond interface were also investigated, and HMR was found to improve the bond. Lyons and Ahmed (2005) studied the parameters affecting the FRP-wood bond strength. Claisse and Masse (2006) assessed the fatigue endurance limit of glass-epoxy joints in timber. However, despite clear advantages in using nonintrusive bonded connections, no research and development exists in this area.
This paper describes the development of a new nonintrusive roof-to-wall bonded connection as an alternative to metal connections. The concept is to bond high-strength FRP with epoxy resin to connect the roof and the walls. Because the fiber composite sheet is quite flexible, it can easily take the shape of the roof truss member or the roof panel and wrap around the roof-to-wall interfaces for almost every possible configuration of the roof and wall systems. The development and testing of the FRP tie was carried out in two phases: (1) development of the FRP tie at the component level, and (2) testing of the selected FRP tie system under simulated uplift forces in a full-scale wood-frame structure to assess the in situ performance of the connection.
Component-Level Testing

Direct Shear Tests to Determine FRP-Wood Bond Strength
The double lap direct shear test was used as a first step in developing FRP roof-to-wall connection and determining the FRP-wood bond strength in shear. Two 102-mm-long blocks of nominal 102 × 102 mm spruce-pine-fir (SPF) wood of structural Grade 2, with a gap of 38 mm in between, were connected by using FRP ties (Fig. 1) . The unidirectional E-glass fabric made by Sika Corp. (Lyndhurst, NJ) was applied to both sides of the blocks with a two-part epoxy in accordance with the manufacturer's specifications. The materials properties of the FRP and epoxy are given in Table 1 . The specimens were allowed to cure for at least 1 week in the laboratory before testing. Five different configurations (see Table 2 for the width and the length of the bonded area of FRP on either side of each wood block) were used with three identical specimens tested for each configuration. The specimens were bolted to a U-shaped metal attachment, and tested in a universal testing machine. All specimens failed by debonding of FRP from wood with very little delamination of wood fibers. Test results, presented in (Rosowsky et al. 1998) .
ASTM Standard D1761 (ASTM 2006) is followed by most hurricane clip manufacturers and was used for testing commercial metallic hurricane clips and the FRP roof-to-wall connections under simulated uplift loading. The specimens tested for uplift consisted of two 357-mm-long double top plates and an 838-mm-long joist, all built with 51 × 152 mm spruce-pine-fir (SPF) dimensional lumber with a Grade 2 quality. While preparing the specimens, the double plates were first placed level at a clear spacing of 559 mm. The joist was then placed at the center of the top plate. The pieces were connected by using two diagonally placed metal hurricane clips or FRP ties (as described subsequently). For the uplift load tests, the specimens were placed upside down on a steel frame as shown in Fig. 2 . They were connected to the frame with four bolts or four clamps at the corners of the double top plates. The uplift load was applied as an axial load at the center on the bottom of the joist by using a universal testing machine at a displacement rate of 0:889 mm= min. A 125-mm-long neoprene pad was placed under the crosshead to avoid crushing of the wood under the loading point. During the tests, two dial gauges were placed at the two ends of the joist at a distance of 38 mm from the top plates to measure deflection.
To investigate the performance of metal clips and FRP connections under lateral loads, test setups similar to those commonly used by hurricane clip manufacturers were adopted. The first lateral (L-1) test setup was to investigate the performance of the metallic clip or FRP tie subjected to in-plane lateral loads (simulating wind loads parallel to the side walls of a building). The second lateral (L-2) test setup was to investigate the performance of connections subjected to out-of-plane lateral loads (simulating wind loads perpendicular to the side walls of a building).
Metallic Clip Load Testing and Results
In hurricane-prone regions, hurricane clips or straps are used in roof-to-wall connections to resist wind-induced uplift and lateral loads. The Florida Building Code (FBC 2007) regulates construction practices throughout the state unless a particular county or municipality has more stringent provisions, as is the case for Miami-Dade and Broward Counties, for which FBC has the "High Velocity Hurricane Zones (HVHZ)" provisions. For the HVHZ in Florida, with the most stringent wind design provisions in the United States, FBC (2007, Section 2,321.7) stipulates that for wood-to-wood anchoring, e.g., in roof-to-wall connections, the hurricane clip or strap should have a minimum design uplift of 3,114 N with 4-16d nails in each member. If a hurricane clip does not have the minimum design uplift capacity (i.e., 3,114 N), then the use of two clips is required. By using of a factor of safety of three, the minimum ultimate uplift capacity is 9,341 N per connection.
Control (or reference) tests were performed to evaluate the load capacity of a typical commercial metallic hurricane clip to facilitate comparison of its results with that of the newly developed FRP tie. A hurricane clip type commonly used in timber building construction was used for this study. Schematic diagram of the clip used for testing is shown in Fig. 3 . The clip material was 18 gauge steel. For the current testing the number and size of nails to joist were 5-8d (38 mm) and the number and size of nails to top plates were also 5-8d (38 mm).
Three tests were performed for each loading case. The average ultimate uplift load capacity for a hurricane clip of the type tested in this study was 5,832 N (average allowable uplift load capacity is 1,944 N by using a factor of safety of three). The same product tested in the in-plane lateral direction (parallel to the side wall) and out-of-plane lateral direction resulted in average ultimate capacities of 2,202 N and 1,227 N, respectively (average allowable in-plane and out-of-plane lateral load capacities are 734 N and 409 N, respectively).
The experiments revealed the main failure modes to be nails pulling out of the joist, rupturing of the top plate, and tearing of the hurricane clip. Such failure modes were consistent with those reported for metallic connections tested at NIST (Riley and Sadek 2003) and NAHB (NAHB 2002) . Hurricane damage reconnaissance surveys also reported similar failures in roof-to-wall connections and indicated them as weak links in coastal residential building construction (FEMA 2006) .
FRP Tie Development
FRP Tie Configurations and Uplift Load Testing Results
Three different FRP tie configurations (A, B, and C) were developed and tested by using two different types of FRP for each configuration (Canbek 2009 ). The FRP tie was attached at the two interfaces between the top plates and the joist on each end by using the two-component, moisture-tolerant, high-strength and high-modulus epoxy resin following the manufacturer's specifications. All specimens were allowed to air cure in the laboratory for at least 1 week before testing. Configuration A consisted of a 102 × 229 mm L-shaped FRP tie applied on each interface at each end of the specimen so that half of the FRP tie was on the top plate and the other half on the joist (see Fig. 5 ). The observed mode of failure was peeling off (Mode I) of FRP placed on the top of the plates. It was observed that a significant amount of wood fibers peeled as the FRP detached from the top plate. Because the failure occurred with peeling of FRP from the top plate, an additional set of three specimens having a larger FRP-wood connection area on the top plate were prepared to evaluate whether additional strength could be achieved. For this set of experiments, the top plates of specimens were increased to 584 mm and the length of one FRP tie was increased to 356 mm. The portion of FRP placed on the joist remained the same at 114 mm, whereas the portion on the top plate was increased from 114 mm to 242 mm. Configuration A 1 with longer ties did not yield an increase in ultimate capacity commensurate with the increase in the FRP material. The mode of failure changed from peeling off (Mode I failure) of FRP on the top plate to shear failure (Mode II failure) of FRP placed on the joist. The average ultimate failure load per connection was 9,660 N for Configuration A 1 , which was only approximately 0.5% higher than the 9,608 N average ultimate failure load per connection achieved for Configuration A with GFRP (see Fig. 5 ). This confirmed the earlier finding that increasing the bonded area decreases the bond strength at the FRP-wood interface. Beyond a threshold value, no significant increase is observed in the FRP-wood Mode II bond strength. The fact that the change in mode of failure did not affect the ultimate load suggests that the bond strengths of FRP-wood in Modes I and II are very close to one another. Because the aim was to develop a costeffective connection, Configuration A 1 with the longer tie was eliminated from further consideration.
Configuration B consisted of a rectangular piece cut along the dashed line, and placed so that the 102 mm portion of the FRP tie was on each side of the joist and the remaining 76-mm portion was on the top plate (see Fig. 5 ). The load transfer from the double top plate to the joist was achieved through the 51-mm-wide segment of the FRP tie. With Configuration B, the mode of failure was as shown in Fig. 5 .
Configuration C included bidirectional FRP pieces. Two ties were used at each side of the connection as shown in Fig. 5 . The 102-mm vertical portion of the FRP tie was attached to the joist and the two 76-mm portions (one horizontal and one vertical) were wrapped around the top plates. The connection failed as the FRP ruptured along the edge line on the top plate and subsequently peeled off from the top plate (see Fig. 5 ). Thus, the bidirectionality of the FRP did not help to prevent the failure along the folding line as was anticipated.
On the basis of the FBC minimum design uplift capacity of 3,114 N (i.e., minimum ultimate uplift capacity of 9,341 N), only Configurations A (GFRP and CFRP) and C (CFRP) met the minimum threshold of 9,341 N. Configuration A was more favorable than Configuration C because of the former configuration's ease of application and simpler shape. For Configuration A, although the average ultimate failure load obtained with CFRP was 20% higher, considering the fact that the price of CFRP tie is approximately five times higher than that of GFRP tie, Configuration A with GFRP was selected as the best alternative for further research.
Lateral Load Testing and Results for Selected FRP Tie Configuration
After completing the uplift load testing, a separate set of tests was performed to determine the capacity of the FRP tie connection (Configuration A with GFRP) when it is subjected to lateral loads by using the two lateral load test setups described previously. Failure modes of the connections for L-1 and L-2 tests are shown in Figs. 6(a) and 6(b) , respectively. In the L-1 tests, FRP peeled off from the joist; whereas in L-2 tests, failure was observed as a gradual rupture of the FRP along the joint between the joist and the top plate. For each case, three tests were conducted. The mean and the coefficient of variation (COV) of the average ultimate lateral loads were 5,094 N and 0.203, respectively, for L-1 tests and 12,277 N and 0.059, respectively, for L-2 tests.
Comparison of Test Results for Metallic Clip and FRP Tie
The average ultimate uplift, in-plane lateral, and out-of-plane lateral load capacities for the hurricane clip tested in this study were 5,832 N, 2,202 N, and 1,227 N, respectively. The average ultimate uplift, in-plane lateral, and out-of-plane lateral load capacities for the FRP tie connection (Configuration A with GFRP) tested in this study were 9,609 N, 5,094 N, and 12,277 N, respectively. Thus the average ultimate load capacities of the FRP tie connection were higher than those of the hurricane clip tested by factors of 1.65 (uplift load capacity), 2.3 (in-plane lateral load capacity), and 10.0 (out-of-plane lateral load capacity).
The failure mode for the metal clips differed from that of the FRP ties. In most cases, the FRP tie failed by peeling at the interface bond without crushing of the wood substrate. In the case of metal clips, the failure mode was generally nail withdrawal and clip rupture. Also, the average ultimate load capacities of the FRP connection were higher than those of the metallic hurricane clip tested, which implies that a higher factor of safety (compared with metallic clips) could be used to design a reliable FRP tie connection. However, determining the appropriate factor of safety for the new connection needs more research based on reliability that is beyond the scope of this pilot study.
For roof-to-wall connections in buildings, displacements creating gaps may not be desirable as such behavior may cause opening up of the roof-to-wall joints, wind flow through the opening, and increase in internal pressure resulting in increased loading on the connections and other components (Simiu and Scanlan 1996) . Opening up of the roof-to-wall joints could also cause water intrusion from wind-driven rain during hurricanes, and rainwater is the main immediate hazard to a building's interior and contents (Pinelli et al. 2004 ). This is the reason for which the current practice does not allow more than 3.2 mm deflection for roof-to-wall connections. Thus, the current design methodology solely relies on the strength of the connection as any strength increase beyond the limiting deflection is ignored. For the new FRP connections, the overall roof system could sustain large displacements and demonstrate some level of overall ductility and will be explained in a subsequent section titled "Full-scale Testing."
For FRP tie connections, all specimens failed by debonding of FRP from wood with very little delamination of wood fibers. The debonding or peeling failure mode in the case of the nonintrusive FRP connections may be more desirable over other failure modes as in metallic connections (such as nail pullout or crushing of wood members) because when FRP ties fail, the connected wood members are not ruptured or crushed and can be easily retrofitted by applying new FRP ties. In the case of metallic clips and straps, the wood members are weakened from intense penetrations of nails, screws, or bolts. In connection failures, repair by using new metallic clips further weakens the wood members by crushing the wood fibers and making more holes to cause water intrusion issues. In timber construction, some of the advantages of the nonintrusive FRP connections over metallic connections are that the FRP ties do not weaken the connected structural members and thus will prevent splitting and tear-out of wood and water infiltration through holes created by penetrations. Fiber composite connections will be particularly useful for retrofitting old residential buildings that require strengthening against hurricane wind loads with minimally intrusive techniques. FRP tie connections are not likely to deteriorate from corrosion in harsh environments such as in coastal areas. Modern composite materials consisting of fibers and bonding matrix, at one time used only in aerospace engineering, are increasingly making their way into civil engineering applications because of their high strength, light weight, noncorrosiveness, and longterm durability.
Full-Scale Testing
Test Setup and Specimen Preparation
A full-scale test was carried out to assess the in situ performance of Configuration A GFRP ties under uplift forces only. The full-scale specimen was constructed by using 51 × 152 mm SPF dimensional lumber of Structural Grade 2 or better. The specimen consisted of two 2;515 mm high × 2;438 mm long shear walls with a center to center spacing of 5,182 mm. The shear walls supported five W-type trusses, as shown in Fig. 7 . The shear walls had 2,743-mm-long double top plates, five vertical studs, and a single 2,438-mm-long bottom plate. The double top plates had a 152-mm overhang at the ends for the placement of the FRP tie. APA-rated 15-mm-thick 1;219 × 2;438 mm plywood panels were used as sheathing on the outer walls and the roof. On the roof, the sheathing was placed so that the longer sides were parallel to the ridge. On the outer walls, the sheathing was placed so that the longer sides were parallel to the studs. The sheathing was attached to the roof and the outer walls with #8 size, 51-mm-long screws spaced every 152 mm on center. The specimen was constructed by a professional carpenter. Some parts of the structure were intentionally strengthened beyond normal construction practice to ensure failure in the FRP connections rather than in the wood members.
The test specimen was affixed to the strong floor in the laboratory with two steel channel sections under the two shear walls with bolts on the bottom plate spaced at 610 mm on center. The vertical loads (to simulate uplift forces on the roof-to-wall connections with GFRP ties) were applied onto the roof by using 8 hydraulic jacks connected to a single electric pump equipped with a speed control valve. Each set of four jacks was placed on either side of the ridge. The spacing between the jacks was 610 mm in the east-west direction and 1,829 mm in the north-south direction. A steel loading frame was fabricated to mount the hydraulic jacks as shown in Fig. 8(a) . The jacks were first bolted to 13-mm-thick steel plates. Subsequently, the plates were bolted to four 305-mmlong, 19-mm-diameter threaded rods. Steel plates of the same size as those on the top were bolted at the bottom. Load cells were placed on the top beam of the loading frame and were located on the same vertical axis as the jack. The jack system was placed on the loading frame through the holes on the top beam to allow the load cells to be sandwiched between the bottom plates and the loading frame [ Fig. 8(b) ]. To distribute the load, 2,438-mm-long channel members were constructed by using four 51 × 152 mm dimensional lumbers. Steel angles were screwed to the wooden channel, and the entire section was connected to the clevis eyes placed on top of the jacks with a bolt. This connection system allowed the wooden member to rotate freely about the clevis. The FRP ties used in the full-scale test followed Configuration A with GFRP. As in the component-level tests, the FRP tie was applied at each side of the joists at each end, making for a total of 10 connections with five on each side of the roof.
The instrumentation for the full-scale specimen consisted of 23 string pots, 8 strain gauges, and 8 load cells. The numbering and schematic representation of the sensors is shown in Fig. 9 . The sensors are numbered starting from the load cells, to string pots, and finally to strain gauges. The numbering sequence starts from the northeast corner and moves in the clockwise direction. String pots numbered from 14-17 and 23-26 were connected to loading frame to measure the displacements at the loading points. Other string pots measured the absolute displacements at the middle and each end of every truss. Strain gauges were attached to FRP ties at four corners of the test specimen to measure the strains on the center line of the vertical leg of each tie placed on the trusses.
Uplift Load Testing Results
The numbering of the connections is shown in Fig. 10(a) . The uplift load was applied to the roof at an average loading rate of 7:5 kN= min. The initial failure of FRP ties was noted at Connection 7 at a total load of 92.15 kN. The failure of this connection started as portions of the FRP began to peel off from the top plate; however, the system was still able to sustain the applied load. As the load was further increased to 105.24 kN, Connections 4, 6, and 10 failed at the same time, following the complete detachment of Connection 7 in a domino pattern. In Connection 6, one side of the tie detached from the top plate completely in the same manner observed in the component-level tests, whereas the other side remained on the top plate and its failure was at the interface between the FRP tie and the truss [ Fig. 10(b) ]. The two different modes of failures observed on the two different sides of the same truss suggests that the FRP-wood bond strength in Modes I and II are very close to each other, as noted earlier in the component-level tests. As seen in the photographs, a significant amount of wood fibers remained attached to FRP in the failed ties. At Connections 4 and 10, the FRP partially detached from the top plate and the connection was not able to sustain load. The failure of Connection 10 is shown in Fig. 10(c) . The test was stopped as the system could not sustain loads greater than 105.24 kN. The displacements measured at the connections were less than 1 mm before failure. This suggests that the deformation in the new connection before failure is minimal, which would prevent intrusion of water into the building and prevent wind flow into the building. This would address potential issues with water damage to building interior and contents and hinder increase in internal pressure.
Each connection at the four corners was instrumented with two strain gauges, to ascertain the level of stresses generated in the tie during the uplift. Average strains measured at the two vertical legs of Connection 1 versus the stress are shown in Fig. 11 . Such stressstrain plot was typical for the other connections. The FRP strain values observed at the ultimate load were much lower than the manufacturer's specified ultimate strain value, indicating that the FRP itself was far from rupturing. In future, more rigorous experiments will be planned to investigate stress distribution and stresses in the edge of the lamina. Fig. 12 shows the average displacements measured at the connections, middle of the trusses' bottom chords, and the loading points during the full-scale testing. The displacements are plotted against the total load applied to the roof. Average displacement at the connections was approximately 3.0 mm, which was very close to the deflection limit of 3.2 mm as specified earlier. The average displacements at the trusses' bottom chords and the loading points were significant (approximately 25 and 90 mm, respectively) when the ultimate loading of 105.24 kN was achieved for the roof system. The type of failure observed in the connections did not limit the overall ductility of the structure as the overall roof system could sustain large displacements before the ultimate load was achieved.
The full-scale tests provided valuable information on the in situ performance of the FRP tie. Because there are 10 connection points in total, the ultimate load per connection was estimated as 10.5 kN, and the allowable load per connection was 3.5 kN by using a factor of safety of 3. This value exceeds the Florida Building Code requirement of 3,114 N per connection for High Velocity Hurricane Zones and the allowable uplift capacity of the hurricane clips (1,944 N) tested at the component level.
The ultimate capacity and the corresponding bond stress value at failure during full-scale testing were approximately 10.5 kN and 0.45 MPa for each FRP tie, respectively, which are comparable to the values of 9.6 kN and 0.42 MPa obtained in the component-level testing. This shows that the forces in the full-scale roof-to-wall junctions were well-represented by the forces in the small-scale FRP tie connections.
Conclusions
The new roof-to-wall connection was developed by using highperformance advanced fiber reinforced polymer (FRP) composites through a series of component-level tests under uplift and lateral loads. Several FRP tie configurations were tested according to ASTM Standard D1761. The most feasible tie configuration in cost-effectiveness, applicability, and efficiency was selected for further research. Control tests were also performed to evaluate the load capacity of a typical commercial metallic hurricane clip to facilitate comparison of its results with that of the newly developed FRP tie. The average ultimate load capacities of the FRP tie connection were higher than those of the hurricane clip tested by factors of 1.65 (uplift load capacity), 2.3 (in-plane lateral load capacity), and 10.0 (out-of-plane lateral load capacity). A full-scale specimen was then used to evaluate the in situ performance of the FRP tie connections. The results of the full-scale test were in very good agreement with the component-level tests in the ultimate loading capacity and bond stress at failure. The type of failure observed in the connections did not limit the overall ductility of the structure as the overall roof system could sustain large displacements before the ultimate load was achieved.
Several advantages to using the new FRP tie connection system are demonstrated as follows:
1. The uplift load capacity of the new connection exceeds the minimum requirement specified by the Florida Building Code and can be used in hurricane-prone regions. 2. The lateral load capacity of the FRP tie is higher than those for most commercially available metal clips. 3. Because the new connection is nonintrusive (i.e., it uses highstrength adhesive rather than nails as metal connections do), it does not weaken the wood members through nail penetration. In particular, the application of the FRP tie to existing structures in need of retrofitting will prevent further weakening of wood members caused by metal clips. 4. The deformation in the new connection before failure is minimal, which would prevent creating openings leading to intrusion of water into the building. 5. The corrosion resistance of the FRP tie in harsh environments such as in coastal areas contributes to the durability of the housing system and the lowering of its life-cycle costs. 6. Preliminary cost analysis based on the manufacturers' data indicates that the cost of the new FRP system (including FRP and epoxy materials) is comparable to the cost of available metal clips. The purpose of the experimental program was limited to assessing the overall structural behavior of the FRP tie system rather than stress distribution within each FRP tie. In future, more rigorous experiments will be planned to investigate such stress distribution and stresses in the edge of the lamina.
The intent of this pilot study was not to resolve all potential issues that a new connection may face; such issues may include among others, problems regarding workmanship and long term behavior of the glueline especially of eccentrically loaded connections for which further research is needed. The new connection would be subjected to fluctuating loads from turbulent wind and short-term creep effects occurring during a hurricane event of significant duration. Further study is therefore needed to evaluate the fatigue and short-term creep behavior of the connection system. Future research will also focus on probable ways of achieving more effective connections by using different specifications for fiber and epoxy. When strengthening or retrofitting is needed for existing connections, a combination of FRP ties and mechanical fasteners may be used; however, more research is needed in this area.
